Cyclin-dependent protein kinase 6 (CDK6), in cooperation with cyclin Ds, drives cell cycle progression from G 1 to S phase through phosphorylation and subsequent inactivation of retinoblastoma 1 protein. Alteration of this pathway results in both nonhematologic and hematologic malignancies, which include a small subset of B-cell lymphoproliferative disorders (BLPDs). We identified 5 cases of BLPD that carried CDK6 chromosomal translocations and characterized their clinical, pathologic, immunophenotypic, and genetic features. Common clinical characteristics included marked neoplastic lymphocytosis, systemic lymphadenopathy, splenomegaly, and bone marrow involvement. Three patients were diagnosed with low-grade B-cell lymphoma and had an indolent clinical course, and 2 patients (one who transformed to large B-cell lymphoma, and the other who was initially diagnosed with a highgrade B-cell lymphoma) had an aggressive clinical course. Immunophenotypically, the neoplastic B cells expressed CD5, CDK6, and cytoplasmic retinoblastoma 1 protein in all cases, expressed phospho-RB, p27kip1, and cyclin D2 in most cases, and uniformly lacked expression of all other cyclins. In 4 cases, the CDK6 translocation partner was kappa immunoglobulin lightchain gene; and in the fifth case, the CDK6 translocation partner was unknown. These distinct clinicopathologic and cytogenetic features distinguish the CDK6 translocation-associated BLPDs (CDK6-BLPDs) from other mature B-cell lymphomas. Key Words: cyclin D, cyclin-dependent protein kinase (CDK), chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), mantle cell lymphoma (MCL), splenic marginal zone lymphoma (SMZL), retinoblastoma protein (Rb) (Am J Surg Pathol 2009;33:720-729)
C yclin-dependent protein kinases 4 and 6 (CDK4 and CDK6), coupled with cyclin Ds (D1, D2, and D3), drive progression of cell cycle from G1 to S phase by phosphorylating and subsequently inactivating retinoblastoma 1 protein (Rb). 4, 31, 38 Alteration of this pathway by aberrant overexpression of cyclins or CDKs results in malignant transformation, best exemplified by the overexpression of cyclin D1 as a result of t(11;14)/IGH-CCND1 in mantle cell lymphoma (MCL). 43, 49, 51, 52 Likewise, alteration of the CDK6/cyclin D complex by CDK6 overexpression has been reported in both hematologic 7, 8, 19, 32, 34, 35, 42, 44, 50 and nonhematologic 9 malignancies. In a subset of B-cell lymphoproliferative disorders (BLPDs), overexpression of CDK6 results from juxtaposition of the CDK6 gene locus at 7q21-22 to an immunoglobulin (IG) heavy chain (IGH) gene locus at 14q32, 19, 50 IG kappa light chain (IGK) gene locus at 2p12, 8, 42 IG lambda light chain (IGL) gene locus at 22q11, 19 or to the long arm of chromosome 21 (21q). 8 Nevertheless, owing to their rarity, the clinicopathologic features of these CDK6 translocation-associated BLPDs (CDK6-BLPDs) were insufficiently reported. In this study, we characterized the clinical, pathologic, immunophenotypic, cytogenetic features, and the potential molecular oncogenic mechanism of CDK6-BLPDs.
MATERIALS AND METHODS

Patient Selection
We first searched the Mayo Clinic cytogenetic database, which contained the conventional karyotyping results of 4528 cases of mature B-cell lymphomas for specimens with chromosome 7q21-22 abnormalities. To increase the case number, we also searched for the cases that showed chromosomal abnormalities involving both chromosomes 2 and 7 with ambiguous break points detected by conventional cytogenetic studies. We then screened paraffin sections of these specimens for CDK6 rearrangements by interphase fluorescence in situ hybridization (FISH) (see below). In addition, as CDK6 translocations have been previously described in splenic marginal zone lymphomas (SMZLs), 8 we screened a tissue microarray (TMA) of 54 paraffin-embedded SMZL specimens using the same FISH approach. The Mayo Clinic Institutional Review Board approved this study, and all patients approved of research use of their tissue samples. Table 1 ) as previously described. 37, 41, 42 All cases were first screened for the presence of CDK6 translocations using CDK6 break-apart probes (BAPs) comprising SpectrumOrange-labeled (BACS: CTB-10G5, RP5-1099C19, CTB-85C5, and RP5-850G1) and Spec-trumGreen-labeled (BACS: CTB-104I4, GS1-440B14, and GS1-165I4) DNA probes that hybridize to flanking regions of the CDK6 break point. Cases with positive CDK6 BAP signals were further analyzed using dual-fusion (D-FISH) DNA probes for IGH-CDK6, IGK-CDK6, and IGL-CDK6 (BACS: CTB-10G5, RP5-1099C19, CTB-85C5, RP5-850G1, GS1-119P5, GS1-552A1, CTB-104I4, GS1-440B14, and GS1-165I4), and BAP FISH probes for IGH (Vysis Inc, Downers Grove, IL), IGK and IGL. 13 For the isolated nuclei specimens, 100 consecutive qualifying interphase nuclei from different areas of the same slide were examined using scoring criteria and normal cutoffs established from previous validation studies. 13 For the TMA specimens, a minimum of 50 cells were scored per case, with a minimum of 20 abnormal cells required for that sample to be considered abnormal. 42 SpectrumOrange-labeled signals are referred to as red (R), SpectrumGreen-labeled signals as green (G), and SpectrumOrange-SpectrumGreen fusion signals as fusion (F).
sections (listed in
Morphologic and Immunohistochemical Studies
Bone marrow (n = 4), spleen (n = 4), and lymph node (n = 4) specimens used for histologic studies were fixed in B5 or formalin fixatives, embedded in paraffin and stained with hematoxylin and eosin. Giemsa-Wright stains were performed on the peripheral blood and bone marrow aspirate smears. We examined the morphologic features of peripheral blood smears, bone marrow aspirates and biopsies, lymph nodes, and spleen tissues by light microscopy. Immunohistochemical studies were performed on the paraffin-embedded bone marrow, lymph node, or spleen specimens in each case using previously described techniques and reagents, 25 including antibodies against CD3 (Novocastra Laboratories, Newcastle Upon Tyne, UK), CD5 (Novocastra), CD10 (Novocastra), CD20 (Dako, Carpinteria, CA), and CD23 (The Binding Site Limited, Birmingham, UK). Pathologic diagnosis was given to each case on the basis of 2001 World Health Organization classification. 23 Additional antibodies used in this study were CDK6 (LabVision, Fremont, CA), cyclin A (Vision Biosystems, Norwell, MA), cyclin B1 (Vision Biosystems), cyclin D1 (LabVision), cyclin D2 (Cell Signaling Technology, Danvers, MA), cyclin D3 (Vision Biosystems), cyclin E (Vision Biosystems), p27kip1 (Dako), phospho-Rb (Cell Signaling Technology), and Rb (Epitomics, Burlingame, CA). Microscopy images were captured with an Olympus digital camera DP71 (Olympus America Inc, Center Valley, PA), and processed using Adobe Photoshop CS3 software (Adobe Systems Inc, San Jose, CA).
Immunophenotyping by Flow Cytometry
Multicolor flow cytometric immunophenotyping analysis was performed on peripheral blood, spleen, and lymph node specimens according to previously described methods 23 using fluorochrome-conjugated antibodies to the following antigens: CD3, CD5, CD10, CD11c, CD19, CD20, CD22, CD23, CD38, CD45, CD103, and surface kappa and lambda IG light chains (sIg). All antibody conjugates were obtained from Becton Dickinson Biosciences (San Jose, CA). Analysis was performed on a FACSCalibur instrument (Becton Dickinson), and the data were processed using CellQuest software (Becton Dickinson).
RESULTS
FISH Results
We identified 5 patients with BLPD that carried a CDK6 translocation by interphase FISH analysis using CDK6 BAP probes (Figs. 1A, B and Table 1 ). Two Table 3 ). The remaining 2 specimens (patients 4 and 5) were identified by the SMZL TMA screening. The bone marrow specimen from patient 4 had an abnormal karyotype (Table 3) , although it lacked a recognizable 7q21-22 abnormality. Additional FISH studies demonstrated that the CDK6 translocation partner was IGK in 4 cases (patients 1, 2, 3, and 5) (Figs. 1C, D and Table 3 ) with intact IGL or IGH.
The recipient gene locus of the CDK6 translocation of case 4 was unknown and was not an IG gene, as IG gene abnormalities were not detected either by IG BAP or IG-CDK6 D-FISH analyses (data not shown).
Clinical and Laboratory Features
The clinical characteristics are detailed in Table 1 . In summary, there were 3 men and 2 women (median age: 68 y; range: 56 to 83 y). The 4 patients who presented with lymphadenopathy and splenomegaly (patients 2 to 5) all had marked neoplastic lymphocytosis (range: 30.8 to 37 Â 10 9 /L) with an absent to negligible M-spike; whereas the remaining patient (patient 1) presented with a more prominent M-spike (1.1 g/dL), a more modest lymphocytosis (8.8 Â 10 9 /L), and absence of lymphadenopathy or splenomegaly. All 4 patients tested had bone marrow involvement.
Patient 1 had no extramedullary involvement, received no treatment, and was lost to follow-up. Three of the remaining 4 patients (patients 3, 4, and 5) had SMZL: patient 3 was treated with rituximab, relapsed in 1 year, and was lost to follow-up 10 months later; patient 4 transformed to large B-cell lymphoma involving the bone marrow 5 months later, was treated with CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone), and died of disease a year later, and patient 5 was treated with rituximab for 4 weeks and is alive 2 years later. At presentation, patient 2 had a high-grade B-cell lymphoma, involving the right axillary lymph node and a low-grade BLPD involving the peripheral blood and bone marrow. He was initially treated with Vanderbilt protocol, 30 stem cell transplant, and R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone), but relapsed with high-grade B-cell lymphoma involving his left axillary lymph node, right upper lobe of lung, spleen, and thigh soft tissue 9 months later. Despite treatment with R-DHAP (rituximab, dexamethasone, cytarabine, and cisplatin), the patient died of disease 5 months later.
Morphologic Features
All of the available peripheral blood, bone marrow smears, and tissue sections were morphologically examined (listed in Table 1 ). The neoplastic lymphocytes in the peripheral blood and bone marrow from patient 1 ( Figs. 2A, B) were predominantly small lymphocytes with moderate cytoplasm, irregular nuclear membranes, inconspicuous nucleoli, and condensed chromatin. They did not have recognizable short villi. The patterns of bone marrow infiltration were nodular, peritrabecular (Figs. 2C, D), and interstitial. There was no overt intrasinusoidal distribution, which was confirmed by CD20 and p27kip1 immunohistochemical stains ( Figs. 2E, F) . The lymph nodes and spleen from patient 2 (Fig. 4A ) showed sheets of neoplastic intermediate to large cells with highgrade cytologic features. The spleens from patients 3 (Figs. 2G-I, 4F), 4, and 5 showed nodular and focally diffuse distribution of small lymphocytes with abundant cytoplasm and slightly irregular nuclei involving both white and red pulp. The white pulp showed a distinct zonal distribution with central small nonclefted lymphocytes and peripheral small monocytoid lymphocytes. None of the tissues (listed in Table 1 ) showed prominent proliferation centers, a distinct morphologic feature in chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL). The primary pathologic diagnoses are listed in Table 3 .
Immunophenotypic Features
The results of the immunophenotypic studies by flow cytometry are exemplified in Figure 3 (patients 2 and 5) and summarized in Tables 2 and 3 . The circulating neoplastic B lymphocytes (CD19 + , bright CD20 + , CD22 + , and bright monotypic sIg+) coexpressed CD5 (except for patient 4), but were negative for CD10, CD23, and CD103. The patterns of CD5 expression ranged from bright and uniform ( Fig. 3, patient 2 ) to dim and partial ( Fig. 3, patient 5 ). Focal CD5 expression by the neoplastic cells from patient 4's spleen was confirmed by immunohistochemical studies (Fig. 3, patient 4) . Additional immunohistochemical studies demonstrated that the neoplastic cells from all cases expressed CDK6 with a spectrum of weak (patients 1, 3, and 5; Fig. 4G ) to moderate-to-strong expression (patients 2 and 4; Fig. 4B ). Cytoplasmic Rb was detected in all specimens. Phospho-RB and Cyclin D2 were detected in 4 of 5 cases (patients 2 to 5; Figs. 4C, D, H, I). Except for patient 4, the neoplastic cells from the other 4 patients all expressed p27kip1 ( Figs. 2E, F, 4J ). Immunohistochemical stains for cyclin A, B1, D1, D3, and E were negative.
DISCUSSION
Alteration of the cell cycle by CDK6 overexpression has been demonstrated in T-cell lymphoblastic lymphoma, 44 peripheral T-cell lymphomas, 32 and a small group of BLPDs. 7, 8, 19, 34, 35, 42, 50 In this study, we identified and characterized the clinical and pathologic features of 5 cases of BLPD with a chromosomal translocation involving CDK6 on chromosome 7q21-22.
The frequency of CDK6 gene translocations in BLPDs seems low. We identified only 5 cases of CDK6-BLPD: 3 out of 4528 cases by conventional cytogenetics (0.07%), and 2 cases from a SMZL TMA containing 54 patient specimens (4%). Although this low prevalence is consistent with previous studies, 7, 8, 19, 34, 35, 42, 50 it may not be accurate. The initial conventional cytogenetic database screening, used in the present study and other reported series, 7, 8, 19, 34, 35, 42, 50 might not be comprehensive, and potentially could be biased for selecting aggressive BLPDs. As the conventional karyotyping is generally more sensitive for detecting cytogenetic abnormalities of mitotically active and clinically aggressive BLPDs than those of low-grade BLPDs with low proliferation indices. By screening cases with karyotypes containing ambiguous chromosome 2 (IGK) and 7 abnormalities by CDK6 BAP FISH analysis, we were able to identify 1 additional case with a CDK6 translocation. Anticipating an extremely low yield, we did not further screen the specimens with ambiguous abnormal chromosome 7 and 14 (IGH) or chromosome 7 and 22 (IGL). In addition, potential institutional bias of our cytogenetic database and disease selection bias of the SMZL TMA could also influence the screening for CDK6-BLPDs.
CDK6-BLPDs have distinct clinicopathologic characteristics. All patients in this study and others (Table 3) are elderly and typically present with marked and persistent lymphocytosis as their initial clinical manifestation. The circulating neoplastic lymphocytes are usually small B cells that morphologically resemble monocytoid B cells. Lymphadenopathy, splenomegaly, and bone marrow involvement are very common. In all cases in the present series, B cells expressed CD5 and were negative for CD23 and cyclin D1. The clinical courses in this series vary. Patients 1, 3, and 5 had an indolent clinical course, which is consistent with other reported series. 8, 19, 50 The other 2 patients (patients 2 and 4) either presented with or progressed to a higher grade lymphoma, which could be explained by their more complex chromosomal abnormalities (Table 3) or additional molecular abnormalities.
CDK6-BLPDs clinically and pathologically overlap with other BLPD/mature B-cell lymphomas, such as CLL/SLL. Some patients in our study were initially diagnosed with CLL/SLL owing to the marked lymphocytosis. However, CDK6-BLPDs lacked characteristic features of CLL/SLL, such as condensed chromatin and smudge cells by cytology, proliferation centers by histologic examination on bone marrow, lymph node, and spleen specimens, and the characteristic constellation of dim expression of monotypic surface IG and CD20 coupled with coexpression of CD5 and CD23 by immunophenotyping. Other CDK6 translocation-positive cases reported in the literature have been diagnosed as CLL/SLL, but it is not clear whether they had classic characteristic features of CLL/SLL or could have in fact been CLL/SLL variants. 28 Trisomy 12, which is common in CLL/SLL and other BLPDs, was present in 2 of the 4 reported CDK6 translocation-positive The CDK6-BLPDs share some clinical and pathologic features with SMZL, especially SMZL with villous lymphocytes. 2, 3, 17, 22, 23, 36, 42, 48 Three patients in our series were diagnosed with SMZL on the basis of the cytology of the neoplastic cells and the histologic features of the involved spleens. However, these cases differed from typical SMZL cases in several ways. First, most patients presented with generalized lymphadenopathy and splenomegaly. Second, in all cases the neoplastic peripheral blood and bone marrow lymphocytes lacked overt short villi. Third, the bone marrow biopsies showed no intrasinusoidal neoplastic involvement, a frequent feature of SMZL. 10, 26 Finally, all cases with karyotypes in both our series and the literature lacked gains of the long arm of chromosomes 3 and 12, or loss of the long arm of chromosome 7, each of which is present in approximately 20% of SMZL. 1, 12, 21, 42 They also lacked the morphologic features of a recently described small subset of SMZL with red pulp distribution and distinct basophilic villous lymphocytes. 47 In the absence of splenomegaly, case 1 was a diagnostic challenge and the possibility of early involvement by SMZL could not be excluded.
The CDK6-BLPDs also share some features with cyclin D1-negative MCLs that are potentially caused by alternative translocations involving cyclin D2 or D3 and an IG gene locus. 15, 16, 20, 53 For example, both CDK6-BLPD and MCL may express CD5 and overexpress cyclin D2, as shown in this series and in literature with few exceptions. 5, 15, 16, 20, 24, 53 However, the clinical presentation and median survival of CDK6-BLPDs of the present series and others are generally more favorable than most MCL, including the cyclin D1-negative variant with few exceptions. 14, 33, 45 Histologically, none of the tissues examined in the present series showed the usual features of MCL, such as singly placed epithelioid macrophages or hyalinized blood vessels. 54 P27kip1 expression, mostly undetectable in MCLs, 40 was present in all but one of our CDK6-BLPD cases. Finally, most of the reported CCND2 or CCND3 translocation-associated MCL involved an IG locus. In the present series, except for the involved CDK6/IGK, all other IG loci were intact.
The oncogenic mechanism of altered CDK6 protein expression is through its interaction with a cyclin D and subsequent phosphorylation of Rb. 4, 31, 38 The concomitant expression of CDK6 and cyclin D2 in 4 cases implicates cyclin D2 as the potential activator of CDK6. As cyclin D2 overexpression has been observed in other BLPDs, 11, 46 the definitive evidence for CDK6-cyclin D2 interaction relies on additional biochemical studies. The positive Rb phosphorylation in all 5 cases supports Rb pathway being the downstream route of CDK6, similar to that of cyclin D1. However, the overexpression of CDK6 may not have the same oncogenic potency as that of cyclin D1. First, MCLs are clinically more aggressive than most CDK6-BLPDs. Second, both of our patients with higher-grade lymphomas had complex karyotypes, suggesting that the CDK6 abnormality by itself may not be sufficient to cause an aggressive clinical course. Finally, p27kip1, a potent CDK inhibitor 6, 18 that is usually suppressed in MCL, 27, 39, 40 is expressed in most CDK6-BLPDs and may thus offset the downstream effects of the CDK6-cyclin D complex. Moreover, the single case that showed absent p27kip1 expression (patient 4) subsequently transformed to large B-cell lymphoma.
With the advent of target therapy, knowing the molecular nature of a hematologic malignancy becomes relevant. For example, small molecules such as PD0332991, which has a profoundly inhibitory effect on CDK4/CDK6-cyclin D-mediated Rb phosphorylation, 29 could potentially benefit the patients with CDK6-BLPDs.
